E lEctrical status epilepticus of sleep (ESES) is an electrographic pattern characterized by near continuous spike-wave discharges in non-rapid eye movement (REM) sleep. 21 This electrographic pattern was first described in 1971 by Tassinari and colleagues, who described 6 children in whom electroencephalography (EEG) recording was characterized by a "spectacular" increase of continuous generalized spike and wave discharges during slow-wave sleep.
consensus has emerged on its underlying pathophysiology, diagnostic criteria (for example, the requisite percentage of the sleep record occupied by spikes), or optimal treatment. The syndrome is heterogeneous with various etiologies described including hydrocephalus, cortical brain malformations, perinatal vascular injuries, thalamic injury, and focal epilepsies of childhood such as rolandic epilepsy. 1, 7, 10, 17, 19, 22 Various antiseizure drugs and immunomodulatory therapies have been used in the treatment of ESES, but the response to treatment is often disappointing as medications can be ineffective or incompletely effective in improving the EEG and/or neurocognitive profile.
10 Permanent cognitive impairments result in an estimated 40%-60% of children with ESES. 10, 12 In the current study we report the preoperative and postoperative findings in a series of children with ESES and unilateral brain lesions who underwent hemispherotomy for refractory epilepsy. We illustrate the wide clinical spectrum associated with ESES and explore the role of hemispherotomy in its treatment.
Methods

Patient selection
During the period between 2003 and 2015, 80 patients underwent hemispherotomy at St. Louis Children's Hospital. Video EEG reports were reviewed for ESES or CSWS. Preoperative and postoperative EEG recordings were then reanalyzed by one of the authors (A.J.). We included in our analysis those patients who had a preoperative EEG with > 85% of slow-wave sleep occupied by spike waves and for whom postoperative follow-up data for more than 6 months were available. Approval from the Washington University institutional review board for human research (Human Research Protection Office) was obtained prior to this retrospective study.
clinical Data review
Clinical details such as sex, age, handedness, neurological examination including presence or absence of hemiparesis, birth history, developmental history, epilepsy history including age at seizure onset, seizure types, seizure frequency, antiseizure medications, and previous surgeries were extracted from pediatric neurology clinic, pediatric neurosurgery clinic, and medical center records.
Other testing included preoperative and postoperative scalp EEG, MRI, FDG-PET, pathology, and preoperative and postoperative neuropsychological testing, if available.
Records from pediatric neurology and neurosurgery clinic visits were reviewed to assess postoperative outcome. Seizure outcome was assessed using the Engel seizure outcome classification. 23 Postoperative cognitive outcomes were extracted from clinical notes and, when available, from postoperative neuropsychological evaluations.
results clinical Presentation
Nine patients (4 male and 5 female) met the study inclusion criteria. Age at seizure onset ranged from birth to 4 years 2 months (mean ± SD, 1.9 ± 1.7 years). Two patients had a history of infantile spasms. At the time of surgery, all 9 patients had focal seizures with variable features including dyscognitive symptoms, motor symptoms, and evolution to bilateral convulsive seizures. Additionally, 1 patient was having clusters of myoclonic seizures. All patients were having seizures at least once per week, with 6 of the 9 patients having multiple daily seizures.
All patients had had a poor response to antiseizure drugs, and all were taking 2-5 antiseizure medications at the time of surgery. Two patients had a vagus nerve stimulator (VNS) in place at the time of hemispherotomy, with both individuals having undergone VNS implantation prior to treatment at our institution. None of the patients were on the ketogenic diet at the time of surgery, although 1 patient had attempted the diet without success. Patient demographics are summarized in Table 1 .
neuroimaging and neuropathology
All of the patients in our series demonstrated unilateral cortical abnormalities. Three patients (Cases 1, 3, and 5) had MRI evidence of a perinatal infarct with unilateral encephalomalacia. The remaining patients demonstrated malformations of cortical development on neuroimaging, with pathological analysis revealing polymicrogyria in 4 patients (Cases 2, 4, 6, and 8), focal cortical dysplasia Type IIB in 1 patient (Case 7), and hemimegalencephaly in 1 patient (Case 9). In all 4 patients with polymicrogyria, the frontal and parietal lobes were predominantly affected. The FDG-PET studies were concordant in all but 1 patient (Case 4), who demonstrated increased tracer uptake in the structurally affected hemisphere presumably secondary to electrographic seizures recorded immediately prior to tracer injection.
Preoperative and Postoperative Developmental assessment and neuropsychological testing
Five patients had delayed early language development ranging from mild speech delay to no language acquisition in 1 patient (Case 9). Four patients reportedly had normal early language development. Of these 4, 1 patient (Case 6) had an abrupt regression of language over a period of several weeks at the onset of seizures (age 3 years) and was nonverbal at the time of surgery (age 7 years 2 months). Another patient (Case 8) had a more gradual regression of language over a period of several years beginning with the onset of seizures (age 4 years) and was minimally verbal, speaking infrequently in 1-to 2-word phrases at the time of surgery (age 8.7 years). All of the remaining patients demonstrated language impairment at the time of surgery. All patients had varying degrees of hemiparesis at the time of surgery.
Behavioral issues ranging from emotional lability and inattention to oppositional behaviors were reported in 5 of 9 patients, with 1 patient (Case 7) requiring inpatient psychiatric admission for aggression.
Preoperative neuropsychological testing results were available for 7 of the 9 patients. In 4 patients (Cases 2, 3, 5, and 7), attentional or behavioral issues limited the testing sessions. One patient (Case 9) was severely impaired and only able to participate in the Bayley Scales of Infant and Toddler Development despite an age of 8 years at the time The patient in Case 7 had an improvement in Verbal IQ (VIQ) from 88 to 95 on the WPSSI but had a decline in PIQ from 77 to 62 and visual-motor integration (VMI) from 72 to 66. Notably, the patient in Case 7 had severe preoperative emotional and behavioral issues, which, according to his parents, improved significantly after surgery. One subject (Case 9) remained severely impaired without significant changes on the Bayley Scales of Infant and Toddler Development. Of those patients who did not undergo postoperative testing, 2 patients (Cases 2 and 5) reportedly had significant developmental and academic improvements, with eventual placement into mainstream classes. Additionally, 2 patients (Cases 1 and 8) were, according to their parents, displaying marked improvement academically, and neuropsychological testing was declined by the family of 1 of these patients because he was doing so well. One patient (Case 6) remained nonverbal postoperatively and was only able to communicate using an augmentative and alternative picture-communication device. Preoperative and postoperative neuropsychological testing results are summarized in Table 2 .
Preoperative and Postoperative eeg
Preoperative EEG showed ESES in all patients. The age at which ESES was diagnosed ranged from 3.5 to 8.8 years (mean 6.0 ± 2.0 years). Time between the first seizure and the electrographic diagnosis of ESES ranged from 1.2 to 8.7 years (mean 4.4 ± 2.3 years). In 6 patients, the epileptiform discharges were bilateral but asymmetrical, appearing either voltage or frequency maximal in the structurally affected hemisphere. In 3 patients (Cases 1, 2, and 4), the epileptiform discharges were symmetric and maximal bifrontally.
Postoperative sleep EEG was available for 6 of 9 patients, none of whom showed persistent ESES. Of these 6 patients, 2 had no residual epileptiform discharges (Fig. 1) . Of the 3 patients with only awake EEG studies available, all 3 had residual unilateral epileptiform discharges during the awake state. Preoperative and postoperative EEG findings are summarized in Table 2 . operative and seizure outcome All patients underwent peri-insular functional hemispherotomy, as described elsewhere.
11 Age at surgery ranged from 3.7 to 11.5 years (mean 6.8 ± 2.1 years). The duration of epilepsy prior to hemispherotomy ranged from 2.7 to 8.9 years (mean 5.0 ± 2.2 years). The only postoperative complication was an episode of cerebrospinal fluid otorrhea in 1 patient (Case 5), which resolved with lumbar drainage. The mean follow-up was 3.0 years (range 0.5-6.1 years). All 9 patients were seizure free (Engel Class I) at the last follow-up. One patient (Case 7) began having a new spell type approximately 3 years after surgery, which was markedly different from his preoperative seizures and thought to represent nonepileptic events.
Discussion
This is the largest series of patients with ESES who have undergone hemispherotomy reported to date. Our patients had uniformly positive seizure outcomes, with 9 of 9 patients having Engel Class I seizure outcomes over a follow-up period ranging from 6 months to 6.1 years (mean 3.0 years). Positive seizure outcomes have been reported in children with ESES and structural lesions who have undergone epilepsy surgery, including hemispherotomy and focal resection.
8-10,13,16
All of our patients demonstrated language and motor impairments prior to surgery. Available postoperative neuropsychological testing demonstrated either slight improvement or mixed results. Although formal neuropsychological testing did not show marked improvement, parental reports indicated that 4 patients demonstrated significant developmental and academic gains, with 2 patients transitioning to mainstream classes. No patients demonstrated continued regression of skills. Additionally, attentional improvements were noted by parental reports, a finding in line with previous case studies. 9 Postoperative EEG showed the resolution of ESES in all patients with available sleep EEG (6 patients). Moreover, 2 patients had complete resolution of epileptiform discharges during both the wake and the sleep states. One patient continued to have nearly continuous unilateral spikes over the disconnected hemisphere while awake, and sleep EEG was not performed. This patient was severely impaired and demonstrated no appreciable change on postoperative neuropsychological testing. The underlying etiologies included perinatal infarct (3 patients) or malformations of cortical development including polymicrogyria (4 patients), hemimegalencephaly (1 patient), and focal cortical dysplasia (1 patient), as confirmed by pathology. Although the underlying pathophysiology of ESES is not fully understood, structural lesions such as early vascular insults and developmental lesions have been shown to be associated with ESES. 5 Of the migrational disorders, polymicrogyria has specifically been shown to manifest with ESES, 6 which is in line with our findings. In our series, children with an underlying perinatal infarct tended to present with seizures at a younger age (mean 3.0 months, range birth to 6.0 months) as compared to those with an underlying malformation of cortical development (mean 2.7 years, range birth to 4.2 years). However, no difference was observed in the age at diagnosis of ESES (that is, the first EEG documenting ESES). Several patients had their first EEG documenting ESES close to the time of their surgery, with the lag time ranging from several weeks to 2 months prior to surgery. However, we recognize that the duration of ESES was probably longer given that the electrographic diagnosis of ESES is highly dependent on the timing and frequency of EEG studies including sleep EEG studies.
Loddenkemper et al. 13 studied 6 patients with ESES who underwent hemispherotomy and found that postoperative neuropsychological outcome was either stable or slightly improved in those with available testing. Peltola et al. 16 described 2 children who underwent hemispherotomy, with 1 child having an improvement in cognitive outcome and 1 child having an initial decline at 6 months after the procedure, followed by a return to the preoperative level by 2 years post-hemispherotomy. Kallay et al. 9 performed sequential neuropsychological testing in a child diagnosed with ESES treated with hemispherotomy; the authors reported gradual but incomplete cognitive recovery with residual moderate cognitive disability. Two other case reports 1,10 describing children with ESES and structural lesions who underwent hemispherotomy have similarly shown an improvement in cognitive outcome as compared with the preoperative baseline. Taken together, these smaller series and case reports have presented a positive but guarded picture, one in which hemispherotomy may improve cognitive outcomes but does not fully reverse the regression or loss of milestones sustained during the period of ESES. Our results were similar in that postoperative neuropsychological testing did not demonstrate marked improvements. However, the parental reports were positive, with significant academic improvements noted in 4 children, 2 of whom were able to transition to mainstream classes.
The duration of epilepsy prior to surgery ranged from 2.7 to 8.9 years (mean 5.0 ± 2.2 years). In our small cohort, we were unable to determine whether a longer duration of epilepsy prior to surgery negatively impacted postoperative neurocognitive outcome. However, prior studies have demonstrated a negative association between a longer duration of epilepsy and postoperative neurocognitive improvements. 4 Electrical status epilepticus of sleep is a rare childhood epilepsy syndrome that occurs only in the 1st decade of life. 5 Due in part to the typically benign evolution of seizures and the resolution of the EEG pattern over time, the role of epilepsy surgery for ESES has been limited. Kramer et al. 10 found that an ESES duration longer than 18 months was associated with residual cognitive deficits, whereas no residual intellectual deficits were seen in most patients with an ESES period shorter than 13 months. Similarly, Pera et al. 17 and Seegmüller et al. 18 found that a longer duration of ESES was associated with a poorer cognitive prognosis, with both groups advocating an aggressive therapeutic approach to potentially prevent long-term cognitive and neuropsychological deterioration. Given the poor prognosis associated with this syndrome, we believe that all available treatment modalities, including epilepsy surgery, should at least be considered in the approach to ESES.
Although all of our patients had unilateral brain lesions, the preoperative sleep EEG demonstrated bilateral abnormalities in all cases. Three patients had symmetric, frontally predominant spike-wave discharges, whereas the remaining patients had asymmetrical but bilateral spikewave discharges. The underlying mechanism of ESES is unknown, but as noted by other authors, 1,13 the resolution of ESES after epilepsy surgery supports the theory that the underlying pathogenesis of ESES is focal with presumed secondary bilateral synchrony.
Prior studies have shown that neurocognitive regression in ESES is typically seen between 5 and 6 years of age, with epilepsy onset preceding the regression by 1-2 years.
2, 12 We propose that clinicians maintain a high level of suspicion and a low threshold for obtaining an overnight EEG study to evaluate for ESES in school-aged children with epilepsy and a structural lesion. Furthermore, if the structural lesion is shown to cause the epilepsy and ESES, timely epilepsy surgery evaluation and potentially resective surgery should be strongly considered.
Our series included only individuals with drug-resistant epilepsy, ESES, and a unilateral structural lesion. Another group to consider consists of those individuals with ESES and a unilateral structural lesion without active epilepsy. Traditionally, these individuals may not be considered epilepsy surgery candidates since their clinical seizures may be in remission. However, this is a unique group in which hemispherotomy and the arrest of ESES may prevent irreversible cognitive decline, and we believe that this group should at least be considered for epilepsy surgery.
The main limitations of our study include its retrospective nature, small sample size, and incomplete records. We recognize that the timing and frequency of data acquisition, particularly EEG studies, was not standardized. Because of the incomplete neuropsychological records, we relied heavily on parental and clinician reports to determine postoperative functional status. Various neuropsychological testing metrics were used, and testing was performed at various time points. Although postoperative EEG studies were obtained for all patients, these studies were incomplete since sleep EEG studies were not obtained in all patients.
Early epilepsy surgery has been shown to improve developmental outcomes in children, 14 and children with ESES represent a particularly vulnerable group that has much to gain from early recognition of the syndrome and rapid intervention. In summary, hemispherotomy should be considered in refractory ESES as cognitive and behavioral improvements may be seen. Despite this study's limitations, it documents the largest group of patients with ESES to undergo hemispherotomy described to date.
conclusions
This is the largest reported series of patients with ESES to have undergone hemispherotomy, with all patients having seizure remission at the last follow-up, postoperative developmental gains in a subset of patients, and behavioral and attentional improvements reported. In patients with a structural lesion and refractory ESES, epilepsy surgery, specifically hemispherotomy, should be considered as a potential treatment option.
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